Abstract We have designed a new type of retinal prosthesis with a photoelectric dye that transfers photon energy to generate electric potentials. The purpose of this study was to test the safety of a photoelectric dye, 2-[2-[4-(dibutylami no)phenyl]ethenyl]-3-carboxymethylbenzothiazolium bromide (NK-5962), used for retinal prostheses. The retinal cells, derived from chick neurosensory retinas at the 12-day embryonic stage, were a mixed population of retinal neurons and glial cells, and were cultured for 2 days either under protection from light or under continuous light exposure at 230 lux for 9 h daily in the presence of the photoelectric dye at varying concentrations (1.6 × 10 −5
Introduction
The retina has photoreceptor cells that absorb light and transfer photon energy to generate electric potential changes in the cell membrane. In hereditary diseases such as retinitis pigmentosa, patients lose retinal photoreceptor cells but still retain the other neurons such as bipolar cells and ganglion cells, the latter of which send nerve fi bers to the brain. 1 The disease status is called retinal outer layer degeneration, and retinal prostheses are promising treatment modalities for retinal outer layer degeneration such as that found in retinitis pigmentosa. 2 Photodiode-based retinal prostheses absorb light energy and generate electric currents to stimulate the remaining retinal neurons. 3 Digital camera-based retinal prostheses convert the captured image to electric currents to stimulate the remaining retinal neurons or to directly stimulate the brain by electrodes arranged as a microarray. 4 In place of photodiodes for retinal prostheses, we assessed the feasibility of photoelectric dye molecules, which absorb light and generate electric potentials. 5 In our previous studies using calcium imaging, we have proven that certain types of photoelectric dyes can stimulate retinal neurons in culture and have shown that these molecules might be used as a component of retinal prostheses. 5 One kind of photoelectric dye, 2-[2-[4-(dibutyl amino)phenyl]ethenyl]-3-carboxymethylbenzothiazolium bromide (NK-5962), was chemically bound to the surface of polyethylene fi lm to develop a prototype retinal pro
Materials and methods

Harvest and mixed culture of retinal neurons and glial cells (retinal cells)
Egg shells were disinfected with 70% alcohol, and 12-dayold chick embryos were removed from a small opening. The eyes at this embryonic stage were used because the outer segments of the retinal photoreceptor cells had not yet developed. 8, 9 The eyes were enucleated and cut at the midperiphery of the globe, and the anterior halves were removed together with the vitreous. The neurosensory retina at this embryonic stage could be easily pealed off from the eye cup. 8, 9 After peeling, retinal tissues were incubated in 0.25% trypsin, 1 mM ethylenediaminetetraacetic acid (EDTA) in Ca
2+
, and Mg 2+ -free Hanks' balanced salt solution (HBSS: Gibco BRL, Gaithersburg, MD, USA) to disperse retinal cells. 8, 9 After centrifugation, the retinal cells were washed with Dulbecco's modifi ed Eagle's medium (DMEM, Sigma-Aldrich, Irvine, UK), and seeded at a concentration of 3.5 × 10 5 cell/ml in poly-L-lysine-coated wells of a 96-well multidish (Becton Dickinson Labware, Bedford, MA, USA) containing DMEM supplemented with 10% fetal calf serum (FCS), 100 mg/l streptomycin, and 100 mg/l ampicillin.
Isolation of retinal pigment epithelial cells
After the removal of the neurosensory retina, the retinal pigment epithelium in the eye cups was incubated with 0.25% trypsin, 1 mM EDTA in Ca 2+ , and Mg
2+
-free Hanks' balanced salt solution to peel off and disperse retinal pigment epithelial cells. 10 All the procedures conformed to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.
Immunocytochemical staining of mixed culture of retinal neurons and glial cells (retinal cells)
For fl uorescent double-labeling, retinal cells cultured in wells of a 96-well multidish were fi xed for 15 min with 2% paraformaldehyde in phosphate-buffered saline (PBS), incubated with PBS containing 0.05% Tween-20 for 15 min, and washed with PBS. The cells were incubated with 1% normal goat serum for 12 h to block nonspecifi c binding. The cells were then incubated overnight at 4°C with primary antibodies: anti-glial-fi brillary-acidic-protein (GFAP) antibody [monoclonal mouse antibody to porcine GFAP, crossreactive to chick GFAP; Chemicon International (Temecula, CA, USA), Catalog number MAB360; ×50 dilution] and anti-neuron-specifi c-enolase (NSE) antibody (polyclonal rabbit antibody to bovine NSE, cross-reactive to chick NSE; Chemicon International, Catalog number AB951; ×200 dilution). 7, 9 After being washed three times, each for 5 min, with PBS containing 0.05% Tween-20, the cells were incubated with two kinds of fl uorescence-labeled secondary antibodies: Alexa-488-labeled goat anti-mouse IgG antibody and Alexa-568-labeled goat anti-rabbit IgG antibody (Molecular Probes, Eugene, OR, USA) for 3 h at room temperature and were then washed again. The images were captured by a CCD camera attached to a fl uorescence inverted microscope through a set of fl uorescein isothiocyanate (FITC) and propidium iodide (PI) fi lters (Olympus IX71, Tokyo, Japan). IX71) . 11 Images in the center of each well were captured with a CCD camera and stored in a computer.
Three wells were assigned to each condition of incubation in one series of experiments, and the whole procedure was repeated three times on different days to obtain nine , and 6.6 × 10 −7 M. After centrifugation of the plate at 250 g for 4 min, 50-μl supernatants were transferred to wells of a U-bottom 96-well assay plate (Sumitomo Bakelite). Substrate mix for lactate dehydrogenase (LD) enzymatic reaction in 50 μl of assay buffer (phosphate-buffered saline containing 1% bovine serum albumin) was added to each well and incubated for 30 min at room temperature under protection from light. The absorbance at 490 nm was read with an EIA microplate reader (Bio-Rad, Hercules, CA, USA) after the addition of stop solution (1 M acetic acid). The negative control was defi ned as spontaneous LD release (baseline) in the absence of the dye NK-5962, while the positive control was defi ned as maximum LD release by destruction of all cells in the presence of 10 μl of lysis solution (9% Triton X-100). All conditions were tested in four sets and a mean was obtained to calculate the percent cytotoxicity: [(measured value minus baseline value) / maximum release] × 100. The procedure was repeated six times to obtain six sets of values for statistical analysis.
Results
Retinal cell type and cell growth
To determine types of cells, either neurons or glial cells, derived from neurosensory retinal tissues, retinal cells following 2-day culture were stained for neuron-specifi c enolase and glial fi brillary acidic protein by immunocytochemistry. The majority of retinal cells at day 2 of culture were neurons, mixed with a small number of glial cells (Fig.  2) . The growth of retinal cells was observed for 2 days under dark or light conditions in the absence or the presence of photoelectric dyes at the highest concentration (Fig. 3) . The retinal cells grew signifi cantly better under the dark condition [P = 0.02, two-factor analysis of variance (ANOVA)] whereas the absence or the presence of the photoelectric dye at 1.6 × 10 −5 M did not signifi cantly infl uence the cell growth (P = 0.18). Overall, the light condition or the presence of the photoelectric dye did not have adverse effects on the growth of retinal cells. Cytotoxicity to retinal cells At day 2 of culture, live cells and dead cells were stained for cell viability and cytotoxicity analysis (Fig. 4) . The majority of retinal cells were alive with only a few dead cells under the dark condition or the light condition in the presence or the absence of the photoelectric dye (Table 1 and Fig. 4) . The percentage of dead cells was signifi cantly smaller at higher concentrations of the photoelectric dye (P = 0.0183, two-factor ANOVA, Fig. 5 ), whereas the percentage of dead cells was not signifi cantly different between the dark condition and the light condition (P = 0.3102, Fig. 5 ).
Cytotoxicity to retinal pigment epithelial cells
Retinal pigment epithelial cells isolated from 12-day embryonic chick eyes were incubated with the photoelectric dye under the dark condition and the light condition for 4 h. The percent cytotoxicity value was negative in all groups, indicating protective effects for the dyes. Percent cytotoxicity values were signifi cantly smaller under the dark condition (P = 0.0289, two-factor ANOVA) but did not reach statistical signifi cance in comparison among the three different concentrations of the photoelectric dye (P = 0.0849, Fig. 6 ).
Discussion
The goal of this study was to prove the short-term safety of photoelectric dye molecules used as components of our retinal prostheses. Our retinal prostheses consist of two main components: polyethylene fi lm and photoelectric dye molecules (Fig. 1) . Polyethylene has long been implanted in patients as part of vascular grafts or artifi cial joints, and has been proven safe and stable in the body. [12] [13] [14] In contrast, the photoelectric dyes that we have selected as components of the retinal prostheses do not have any safety data at present. The reasons for selecting one kind of photoelectric dye, 2-[2-[4-(dibutylamino)phenyl]ethenyl]-3-carboxymethylbenzothiazolium bromide (NK-5962), were (1) the stability of the structure, (2) the lack of apparently toxic moieties, (3) the manageable process of chemical synthesis of the molecules, and (4) the absorption spectra covering a large , and 1.6 × 10 −7 M. The percentage of dead cells is signifi cantly smaller at higher concentrations of the photoelectric dye (P = 0.0183, two-factor ANOVA), while the percentage of dead cells is not signifi cantly different between the dark condition and the light condition (P = 0.3102). T bars indicate the standard deviation , and 6.6 × 10 −7 M under protection from light or under light from a fl uorescent lamp at 320 lux for 4 h. The values in all groups were negative, indicating a cytoprotective effect for the photoelectric dye. Percent cytotoxicity values are signifi cantly smaller under the dark condition (P = 0.0289, two-factor ANOVA) but do not reach statistical signifi cance in comparison among the three different concentrations of the photoelectric dye (P = 0.0849). T bars indicate the standard deviation range of visible light. 5 These properties of the molecule, however, did not indicate biological safety in the body. Safety and effi cacy are two principle conditions required for medical devices, including retinal prostheses.
Our retinal prostheses are planned to be implanted in the subretinal space between the retinal pigment epithelium and the neurosensory retina (Fig. 7) . We, therefore, tested the toxicity of photoelectric dyes for both the retinal pigment epithelial cells 15 and the neurosensory retinal cells. 16 Isolated retinal pigment epithelial cells were used to test the cell membrane damage in the presence or the absence of the photoelectric dye because the retinal pigment epithelial cells were basically stable compared to neurons. In contrast, the neurosensory retina consists of neurons and glial cells, which are more fragile than the retinal pigment epithelial cells. To manage the fragile nature of the retinal cells, including both neurons and glial cells, we cultured retinal cells in the presence or the absence of the photoelectric dye molecules for 2 days and examined the viability of cells.
Retinal cells and retinal pigment epithelial cells from chick embryos at the 12-day developmental stage were used in this study because we used retinal cells at this stage to evaluate the cell response to the photoelectric dye-coupled polyethylene fi lms in our previous study. 7 The retina at this stage has not yet developed photoreceptor outer segments, and thus, the morphological status resembles the degenerated retina in which retinal prostheses will be placed. Furthermore, retinal cells as a mixed culture of neurons and glial cells were used to evaluate the overall effect of the photoelectric dyes on both types of cells.
In this study, the presence of the photoelectric dye even at a high concentration did not induce membrane damage of the retinal pigment epithelial cells. Cell membrane damage was tested as a marker of cytotoxicity because cell membranes would function as the fi rst barrier to the photoelectric dye. The viability of retinal cells in culture for 2 days was not infl uenced by the presence of the photoelectric dye. The growth of retinal cells was not affected by the presence of the photoelectric dye even at a high concentration. The retinal cells used in this study were predominantly neurons, and the growth of neurons was taken as one key phenomenon for evaluating the overall safety to cells. Of course, neurons will not proliferate in the adult retina where retinal prostheses will be implanted. These lines of evidence indicate that the photoelectric dye does not exhibit toxicity to retinal pigment epithelial cells or retinal cells in the short term.
We also tested the effect of light exposure on the viability of cells in the presence of the photoelectric dye. Since the photoelectric dye absorbs light energy and generates electric potentials, we hypothesized that the photoelectric dye under light might exert an additional effect on the viability of retinal cells. Continuous light exposure was chosen, instead of on and off exposure, since we aimed to evaluate the maximum effect of the light exposure on the cells. In this study, we demonstrated the absence of cytotoxic effects of the photoelectric dye, even under light exposure, both on the cultured retinal cells and on the isolated retinal pigment epithelial cells in the short term. Light exposure in itself might have an inhibitory effect on retinal cells, since retinal cell growth in culture was somewhat inhibited by light exposure.
In addition, the present results raise the possibility that the photoelectric dye might have protective effects on both retinal cells and retinal pigment epithelial cells. The higher the concentration of the photoelectric dye, the signifi cantly smaller was the number of dead retinal cells, suggesting cytoprotective effects on retinal cells in culture. The percent cytotoxicity value, determined by lactate dehydrogenase (an intracellular enzyme) leakage from retinal pigment epithelial cells, showed negative values, suggesting either that the photoelectric dye might reduce the enzyme leakage from the cells or that the dye might interact with the enzyme to suppress the enzymatic activity. The photoelectric dye NK-5962 exhibits autofl uorescence, which might complicate the optical measuring system for lactate dehydrogenase. So far, there has been no report describing cytoprotective effects of photoelectric dyes in general. It remains unknown Fig. 7 . Schematic of the surgical plan for implantation of our retinal prostheses using currently standard vitrectomy techniques. Retinal detachment is caused by infusing buffer solution to the subretinal space. A round-sheet retinal prosthesis with a diameter ranging from 5 to 10 mm is folded into an injector, and the tip of the injector is inserted into the vitreous cavity and then to the subretinal space through a small retinal hole. The sheet is unfolded in the subretinal space and the subretinal fl uid is compressed out by the pressure of the perfl uorocarbon liquid what concentration of the dye would be optimal to induce this cytoprotective effect, since the present study used the highest concentration of the dye soluble in the buffer.
The concentrations of the photoelectric dye used in the present in vitro studies were high compared with the amount of the dye attached to the polyethylene fi lm surface. 6, 7 The highest concentration used for the safety testing in this study was simply determined by the maximum amount of dye that could be dissolved in the buffer. We used the highest possible concentration of the dye to maximize its effect on the cells. The dye molecules and the polyethylene fi lm are conjugated by covalent amide linkage between carboxyl moieties and amino moieties, giving rise to a stable nature in the body. The present results show that the photoelectric dye molecules, even if they were to become free after dissociation from the polyethylene fi lm, are safe to the surrounding tissues such as the neurosensory retina and the retinal pigment epithelium in the short term.
In conclusion, the present study demonstrated that the photoelectric dye 2-[2-[4-(dibutylamino)phenyl]ethenyl]-3-carboxymethylbenzothiazolium bromide (NK-5962) used in prototype retinal prostheses had no toxicity to retinal cells and retinal pigment epithelial cells in the short term. The photoelectric dye-coupled polyethylene fi lm 6, 7 is thus safe in terms of materials for retinal prostheses. Long-term evaluation of the safety of the photoelectric dye is necessary to reach a fi nal conclusion that the dye has no cytotoxic effects. In addition to the testing with chick cells, as was done in this study, testing with mammalian cells will be required to answer the safety questions in general.
